1. Introduction {#sec0005}
===============

Low dose CT examinations are currently employed to detect lung nodules and to find treatable lung cancer cases [@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040]. Low dose CT is much more effective as a screening process than chest X-ray, but the drawback is that low dose CT examinations uncover many nodules or larger localized lesion which should be differentiated from lung cancers. The nodules or larger localized lesions that are found by low dose screening CT may be further evaluated with standard dose CT, for more detailed assessment of the lesion characteristics. If the lesion was judged to require further follow-up, repeated use of standard dose CT may be needed. Thus, screening for malignant tumor may require additional CT examinations, elevating the cumulative radiation dose to the patient. The repeated use of CT examination is of concern as CT examinations are reportedly significant causes of malignant tumor [@bib0045], [@bib0050], [@bib0055]. If lesion characteristics can be evaluated satisfactorily with low dose CT, low dose CT examinations can be used for initial assessment and follow-up examinations, contributing to reduction of radiation exposure to the patients with localized lung lesions. Comparison of lesion characteristics assessed by readers between low dose CT and standard dose CT may determine whether low dose CT is adequate in these settings.

The purpose of this study is to determine whether low-dose chest CT with 50 mAs can substitute standard-dose chest CT with 150 mAs to evaluate localized lesions and assess the likelihood of malignancy of the lesions.

2. Subjects and methods {#sec0010}
=======================

Institutional Review Board of the participating institutions approved this study. To build an image database containing localized lung lesions or nodules, patients who were referred for suspected nodular lung lesions or masses were prospectively enrolled in the study. In compliance with the study protocol authorized by the Institutional Review Board, written informed consents were obtained from all patients prior to study participation. Collection and review of the patient data, including medical record and image data, was conducted according to the protocol authorized by the review board.

2.1. Subjects {#sec0015}
-------------

52 patients with lung nodules or masses participated in the study protocol. After the completion of the enrollment into the study, one of the authors (Y.O.) selected patients with clinical diagnoses of the nodular lung lesions or masses, by reviewing the medical records, the results of the histological examinations and the available chest CT and chest X-ray films, including ones obtained prior to the participation into the study. First, the author identified the lesion for which the patients were referred for diagnosis and treatment. Then the clinical diagnoses of those lesions were determined as follows: if the patient had histologically confirmed diagnosis of that lesion, the clinical diagnosis was the same as histological diagnosis. For lesions without histological diagnoses, when the lesion was followed up for more than 2 years with no growth, the clinical diagnosis of the lesion was benign lesion. Thus, 52 lesions in 52 patients were identified for which the clinical diagnoses of the determined. The patients consist of 36 male and 16 female patients with an age range of 56--84 years (median; 71 years). The body mass indices of the patients range from 14.3 to 35.7 with a mean of 22.8.

2.2. CT examinations {#sec0020}
--------------------

All CT examinations were performed on a 16 detector-row CT scanner (Aquilion 16; Toshiba Medical Systems, Otawara, Tochigi, Japan). The patients who were registered in the study underwent both standard dose CT and low dose CT examinations. Whole chest was scanned with a single breath hold. The two scans had the same craniocaudal coverage and field of view but two different current time product settings (50 mAs and 150 mAs). Other scan parameters were the same for both scans: peak tube voltage of 120 kV, gantry speed of 0.5 s per rotation, slice collimation 0.5 mm × 16, table feed 7.5 mm/rotation, pitch factor 0.94. A series of contiguous 2 mm-thick images was reconstructed from each of two projection data sets (150 mAs and 50 mAs) using a standard lung reconstruction algorithm (FC 51, [Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}, [Fig. 4](#fig0020){ref-type="fig"} ). The images were reconstructed using a three-dimensional adaptive filter (BOOST 3D) to lessen the streak artifacts which tend to be prominent especially in low dose CT images [@bib0060], [@bib0065], [@bib0070].

2.3. Image analysis {#sec0025}
-------------------

To assess the lesion characterization capability of low dose CT and determine the feasibility of substituting low-dose CT for standard-dose CT, comparison of low dose images and standard dose images was conducted in two ways: (1) the readers' overall impressions of the lesions (the likelihood of malignant or benign) were compared between low dose CT and standard dose CT protocols and (2) the individual CT features of the lesions that were identified by the readers were compared between low dose CT and standard dose CT protocols.

One of the authors (Y.O.), who selected the eligible study subjects, reviewed all the images acquired for the study to identify the target lesion for which the clinical diagnoses were made. One target lesion was determined for each patient. The author compiled a list of target lesions to be analyzed by readers. The target lesions ranged from 7 to 82 mm in diameter, with mean diameter of 28 mm. There are 104 (52 × 2) target lesions, each of 52 unique lesions being imaged with both standard-dose and low-dose methods. All 104 images containing target lesions were presented to three board-certified chest radiologists (H.H., H.K. and N.M.)for evaluation. Readers were offered a list of the locations of target lesions on 104 image series, so that all readers can correctly identify the same target lesion in a given patient. The radiologists were not working at the site of patient enrollment were selected as readers for unbiased interpretation of images. The readers have more than 10 years of experience as thoracic radiologists. The images were anonymized and presented in a random order and readers were not informed of scan protocol of individual image series. The evaluation was made on the diagnostic grade LCD monitors of a picture archiving and communications systems viewer (TPC-7200G3, Toshiba Medical Systems). The readers evaluated images with fixed window settings (lung, window level/width = −500/1500; soft tissue = 50/350).

First, readers looked at the designated target lesion on the list to assess the features of the lesions. Correct identification of target lesions by the individual readers was confirmed on site by one of the authors (Y.O.) who prepared the list of analyzable lesions. The type of the lesion was reported with a 5-point score (1, purely ground-glass attenuation lesion; 2, predominantly ground-glass attenuation lesion; 3, mixed solid and ground-glass attenuation lesion; 4, predominantly solid lesion; 5, purely solid lesion). The readers also reported conspicuity of selected CT findings of the lesions to assess the consistency CT feature recognition by the readers. The readers reported with a 5-point lesion feature scores the conspicuity of the five commonly-used CT lesion features including (1) margin characteristics, (2) calcification, (3) lobulation, (4) spiculation and (5) pleural indentation. The scoring criteria for CT features are shown in [Table 1](#tbl0005){ref-type="table"}. The readers evaluated these CT features independently. Then, the readers independently reported an overall impression on the lesion characteristics (i.e., the likelihood of being a benign or a malignant lesion). The overall impression scores were assigned using a 5 point scale (1, definitely benign; 2, probably benign; 3, equivocal; 4, probably malignant; 5, definitely malignant).

2.4. Statistical analysis {#sec0030}
-------------------------

The consistency of lesion characterization by the readers was assessed by comparing overall impression scores between low dose CT and standard dose CT images using McNemar\'s test and weighted kappa analysis. Then, receiver operating characteristic (ROC) analysis was performed to compare diagnostic capabilities of both protocols. Fifty two overall impression scores by individual readers (1--5) were transformed into binary predictions (suspected benign lesion or suspected malignant lesion). For example, if the threshold of binary transformation is between 2 and 3, scores of 1 and 2 mean "suspected benign" prediction, while scores of 3, 4 and 5 mean "suspected malignant" prediction. This binary predictions were produced with variable threshold T (T \< 1, 1 \<T \< 2, 2 \< T \<3, 3 \< T \< 4, 4 \< T \< 5, 5 \< T) and the sensitivity and specificity values of readers\' predictions were calculated for each threshold. A receiver operating characteristic curve was drawn and the area under the ROC curve (AUC) was calculated and the difference in AUC was analyzed. To determine the consistency of CT features judged by the observers, the intraobserver agreement (between low dose and standard dose images by the same observer) and interobserver agreement (among three observers with the same mAs setting) were tested with weighted kappa analysis. A personal computer software program (LABMRMC; Charles E. Metz, University of Chicago) was used in the ROC analysis. Other data analysis was performed using SAS software (SAS Institute Inc., Cary, NC). When the kappa value was \<0.00, 0.00--0.20, 0.21--0.40, 0.41--0.60, 0.61--0.80, and 0.81--1.00, the strength of agreement was judged as poor, slight, fair, moderate, substantial, and almost perfect, respectively. A p-value of less than 0.05 was considered significant for other statistical tests.

3. Results {#sec0035}
==========

3.1. Overall impression scores {#sec0040}
------------------------------

The overall impression scores assigned by the individual readers are summarized in [Fig. 5](#fig0025){ref-type="fig"}. The result of McNemar\'s test showed that there is no significant difference in the distribution of scores assigned by the readers between low dose images and standard dose images (p \> 0.05).

The kappa values for intraobserver agreement between low-dose images and standard-dose images were 0.92, 0.63 and 0.90 for observer 1, 2 and 3, respectively, with an average of 0.82. The kappa values for 50 mAs images between reader 1 and reader 2, reader 2 and reader 3, reader 1 and reader 3 were 0.49, 0.52 and 0.37, respectively, with an average kappa value of 0.46. The kappa values for 150 mAs images between reader 1 and reader 2, reader 2 and reader 3, reader 1 and reader 3 were 0.45, 0.49 and 0.50, respectively, with an average kappa value of 0.48.

The ROC curve of the readers were shown in [Fig. 6](#fig0030){ref-type="fig"}, showing the reader\'s performance of lesion characterization using 150 mAs images and 50 mAs images. Area under the curve of low-dose CT (Az = 0.74) had no significant difference from that of standard-dose CT (Az = 0.74) (p = 0.61).

3.2. CT features of the lesions {#sec0045}
-------------------------------

The CT feature scores are shown in [Table 2](#tbl0010){ref-type="table"}. The kappa values for intraobserver agreement between low dose CT and standard dose CT on individual lesion feature scores were shown in [Table 3](#tbl0015){ref-type="table"}. The kappa values for interobserver agreement of these lesion feature scores were shown in [Table 4](#tbl0020){ref-type="table"}.

4. Discussion {#sec0050}
=============

The current study showed that diagnostic performance and characterization capability of the low-dose images were comparable to that of standard dose images. In consideration of risk related to medical radiation exposure, radiation dose to the patient should be kept as low as possible while securing the diagnostic image quality needed in patient care. Practice of low dose CT has been investigated in an effort to minimize the patient risk [@bib0075]. The application of low dose CT technique has been facilitated by various techniques, including automatic exposure systems and imaging filters [@bib0065], [@bib0070], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100]. As chest CT examinations are frequently used for lung lesion detection, detection of lung nodules using low dose CT images has been investigated by several groups [@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0105]. These results showed that detection of pulmonary nodules is possible with low dose CT images obtained with 20--50 mAs. When pulmonary nodules or masses are discovered on low dose CT images, a question arises whether additional standard dose CT examinations are needed to properly assess the likelihood of malignancy of the lesion, which has not been addressed so far. If we can confidently rely on low dose CT to make a decision on the management of the patient, without making additional radiation exposure to the patient by having another CT examination with higher mAs setting, it will spare CT examinations and radiation exposure. Moreover, the follow-up CT examinations are possible with low dose CT scans, contributing the reduction of radiation exposure to the patients. On the other hand, a possible adverse effect of the radiation dose reduction would include failed or erroneous recognition of those CT features are essential for correct CT characterization. Incorrectly identified CT features of the lesion could affect the management of patients who have lesions suspicious of lung cancer: lung cancers would be left untreated on the wrong assumption of benignity, or benign nodules could be overtreated as suspected lung cancers. Therefore, clarification of diagnostic accuracy in lesion characterization of low dose CT in comparison with standard dose CT will help reduce radiation exposure from CT examinations.

The result of the current study showed that low dose CT images have lesion characterization capability comparable to that of standard dose CT images. Comparison of overall impression scores revealed no significant scoring difference between low dose CT and standard dose CT images. The agreement of individual readers between low dose CT impression scores and standard dose CT impression scores was almost perfect, substantial and almost perfect for reader 1--3, respectively, while the interobserver agreement was moderate, except for the fair agreement (kappa = 0.37) between reader 1 and 2 on 50 mAs images. At the same time, ROC analysis showed no significant difference in diagnostic performance between low dose CT images and standard dose CT images.

Our results suggest that the low dose CT is an adequate initial decision tool for lung cancers. The decisions on the lesion found at low dose CT images are as reliable as those made on standard dose CT images. If the lesions are likely to be benign, the lesion does not need additional standard CT examination for better visualization. For selected cases where lung cancer is strongly suspected, standard dose CT examinations, preferably with intravenous contrast, may be appropriate to examine the findings in the hilum and mediastinum. The result also indicates that low dose CT exams are adequate tool for follow up examinations because the nodule characteristics can be appreciated properly with low dose CT images. The use of standard dose CT for follow-up examinations may be unnecessary. This study showed that radiation dose reduction is possible both in screening and follow-up settings, contributing wise use of reduced dose CT examinations to improve patient safety.

Comparison of individual CT feature scores also demonstrated high degree of agreement between low dose CT and standard dose CT images. Agreement in lesion type and pleural indentation was almost perfect, with a mean kappa value more than 0.80. Correlation of scores was substantial for the presence or absence of spiculation. Other CT feature scores, lobulation, calcification and margin characteristics had lower kappa scores, average kappa value ranging from 0.45 to 0.58, the agreement of scores being moderate.

The study showed lower agreement rate in the detection of calcification, being 0.17 for one of the readers. A possible explanation for this low agreement rate is that artifactual high CT value pixels could simulate microcalcifications. Lung images are reconstructed with high-frequency reconstruction algorithms and objects tend to be encircled with pixels with high CT values due to edge enhancement. This effect occasionally adds seemingly high-dense spots in the lesions, especially when the image is contaminated with heavy spotty noises as in low dose images. Hence, exclusive use of lung images in this study could be responsible for this lower rate of agreement on calcification assessment. If soft tissue images were also available for review at the time of the reading experiment, the inconsistent recognition of calcification could be avoided. Despite lower score agreement regarding some CT features including margin characteristics, calcification and lobulation, the overall impression of the lesion made by the radiologists was highly consistent, with almost equal receiver operation curve characteristics. The present study showed that radiation dose reduction did not affect lesion characterization capability despite the image quality degradation.

The current study has a couple of limitations. First, majority of lesions that are included in this study are relatively large (\>2 cm), mostly solid. Diagnostic accuracy of smaller nodules (e.g. \<10 mm) or nodules showing ground-glass attenuation by low dose CT is not fully evaluated in this study. Dedicated study may be needed that focuses on micronodules or nodules of ground glass attenuation. Second, only lung images were prepared and analyzed in this study. It is true that findings in the hilum and mediastinum, especially lymphadenopathy, may contribute to better characterization of the lesion. Lymphadenopathy will be visualized more clearly with standard dose CT. The effect of radiation dose on mediastinal structures are not assessed in this study. Lastly, scans were performed with a fixed mAs value in this study without automatic exposure control system. Automatic exposure control system has been reported to be effective in radiation dose reduction [@bib0080], [@bib0085], [@bib0090], [@bib0095]. If the study was performed with automatic exposure control system activated for images of adequate image quality, the radiation exposure will be lowered further and CT characteristics of the lesions may be more consistently identified by preventing image quality degradation in areas with high image noise level.

The result of this study shows that low-dose CT images acquired with current time product of 50 mAs offers the tumor characterization capability comparable to that of standard-dose CT images. Low dose chest CT protocol at 50 mAs may be substituted for standard dose CT with 150 mAs, not only for the detection of lesion, but also characterization of the lesion necessary for the management decision. Therefore, additional standard-dose CT examination is not recommended for patients that presented with lung nodules detected by low-dose CT examination. Use of low dose protocol contributes to substantial dose sparing for patient who has indeterminate lung lesions.

In conclusion, low-dose CT images acquired with current time product of 50 mAs offers diagnostic performance and lesion characterization capability comparable to that of standard-dose CT images and consequently can substitute standard-dose CT with 150 mAs for diagnostic evaluation of lung lesions.
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![(a, standard dose image; b, low dose image) 75 year-old-male (body weight 46 kg) who had a chest CT examination for a suspected lung tumor in the right upper lobe. Visualization of a tumor with partially irregular margin and spicula (arrow) is clear in both images.](gr1){#fig0005}

![(a, standard dose image; b, low dose image) 69 year old male (body weight 56 kg) who underwent preoperative CT examination for a lung tumor in the right upper lobe. Peripheral ground-glass opacity (arrow) and spicula (arrowhead) are appreciated clearly in both low dose and standard dose images.](gr2){#fig0010}

![(a, standard dose image; b, low dose image) 67 year-old male (body weight 77 kg) who had a chest CT examination for evaluation of a suspected nodule in the right middle lobe which turned out to be lung cancer. A well-demarcated ground-glass nodule is finely visualized with vascular structures inside the nodule.](gr3){#fig0015}

![(a, standard dose image; b, low dose image) 67 year-old female (body weight 55 kg) who had a chest CT examination for evaluation of a suspected mass in the left lower lobe. A mixed ground-glass nodule with internal web-like structures is equally visualized in both images. The tumor was removed surgically and confirmed to be a lung cancer.](gr4){#fig0020}

![Overall impression scores assigned on low dose images and standard dose images by reader 1, 2 and 3.](gr5){#fig0025}

![Receiver operating characteristic (ROC) curves of the lesion characterization (benign vs. malignant) for three readers. Solid lines represent the curves for 50 mAs images and broken lines represent the curves for 150 mAs images. No significant difference was found in area under the curve (AUC) between 50 mAs and 150 mAs images.](gr6){#fig0030}

###### 

The scoring criteria for individual CT features of the target lesions.

Table 1

      CT features                                                 
  --- --------------------- ------------------ ------------------ --------------------
  5   Solid                 Unclear            Absent             Definitely present
  4   Predominantly solid   Probably unclear   Probably absent    Probably present
  3   Mixed solid and GGA   Equivocal          Equivocal          Equivocal
  2   Predominantly GGA     Probably clear     Probably present   Probably absent
  1   Pure GGA              Clear              Present            Definitely absent

GGA, ground-glass attenuation.

###### 

The numbers of CT feature scores assigned by three readers.

Table 2

                                    Lesion feature scores                   
  ------------------------ -------- ----------------------- ---- ---- ----- -----
  Lesion type              50 mAs   8                       10   15   22    101
  150 mAs                  8        5                       16   26   101   
  Margin characteristics   50 mAs   10                      32   0    47    67
  150 mAs                  11       40                      3    43   59    
  Calcification            50 mAs   21                      23   14   6     92
  150 mAs                  33       9                       3    11   100   
  Lobulation               50 mAs   5                       13   3    21    114
  150 mAs                  5        7                       0    28   116   
  Spiculation              50 mAs   13                      17   4    25    97
  150 mAs                  15       15                      1    22   103   
  Pleural indentation      50 mAs   24                      11   1    20    100
  150 mAs                  25       4                       2    23   102   

###### 

The kappa values for intraobserver agreement between low- and standard-dose CT on individual lesion feature scores.

Table 3

                           Reader                 
  ------------------------ -------- ------ ------ ------
  Type                     0.86     0.83   0.80   0.83
  Margin characteristics   0.51     0.37   0.45   0.45
  Calcification            0.69     0.17   0.72   0.47
  Lobulation               0.63     0.38   0.67   0.58
  Spiculation              0.74     0.65   0.64   0.70
  Pleural indentation      0.87     0.82   0.67   0.83

###### 

The kappa values for interobserver agreement between low- and standard-dose CT on individual lesion feature scores.

Table 4

                                    r1-r2   r2-r3   r3-r1   Mean
  ------------------------ -------- ------- ------- ------- ------
  Type                     50 mAs   0.67    0.72    0.78    0.72
  150 mAs                  0.66     0.78    0.67    0.70    
  Margin characteristics   50 mAs   0.36    0.34    0.45    0.38
  150 mAs                  0.15     0.34    0.24    0.25    
  Calcification            50 mAs   0.11    0.23    0.49    0.28
  150 mAs                  0.37     0.74    0.49    0.53    
  Lobulation               50 mAs   0.44    0.34    0.44    0.41
  150 mAs                  0.41     0.40    0.32    0.37    
  Spiculation              50 mAs   0.28    0.41    0.27    0.32
  150 mAs                  0.42     0.28    0.58    0.43    
  Pleural indentation      50 mAs   0.59    0.48    0.41    0.49
  150 mAs                  0.59     0.53    0.61    0.58    

r1-r2, Between reader 1 and 2; r2-r3, between reader 2 and 3; r3-r1, between reader 3 and 1.
